High-pressure in situ x-ray diffraction and specific-volume measurements on isotactic poly(4-methyl-1-pentene) melt have uncovered abrupt changes in the pressure dependence of microscopic structure as well as that of macroscopic density. The first sharp diffraction peak of the polymer melt, which is related to the intermediate-range order and is explained as resulting from the correlations between main chains, is suppressed at pressures less than 1 kbar. These changes in intermediate-range order show similarities to those seen in liquid-liquid or amorphous-amorphous transitions in simpler small molecule based systems, suggesting that this kind of phenomenon may occur in a wide range of materials.
I. INTRODUCTION
There has been great excitement in recent years about the discoveries of liquid-liquid transitions (LLTs) in systems with small molecular or structural units, such as those seen in water [1, 2] , sodium [3, 4] , silicon [5] , phosphorus [6] , arsenic [7] , and many others [7] [8] [9] [10] . These transitions (which include continuous transformations) are characterized by changes in static structure. In contrast, the understanding of LLTs in polymers remains insufficient and confusing. This is due in part to the fact that most of the studies have focused on a certain type of transition, which intrinsically relates to changes not in static structure but in relaxation phenomena. These changes occur in a variety of glass forming polymers, and presumably in any other glass forming systems, at relatively low temperatures around 1.2 times glass transition temperature T g (hereafter 1.2T g transition) [11, 12] . Some studies have reported static changes which are not associated with 1.2T g transitions [13, 14] . In these studies, however, measurements have been conducted only as a function of temperature. To investigate changes in static structure, measurements as a function of pressure are preferable because applying pressure can alter interatomic potentials more directly. Such measurements have been proven to be successful in simper systems [2, 3, [5] [6] [7] [8] [9] , and therefore are indispensable for a better understanding of LLTs in polymers.
Amorphous-amorphous transitions (AATs) have also been discovered in materials such as ice [15] and SiO 2 glass [16, 17] . Almost all the materials showing LLTs or AATs have anomalous melting curves and there is a widely held belief that if the melting curve shows a maximum as a function of pressure, then this must be related to a structural change in * ayano@phys.keio.ac.jp † funamori@eps.s.u-tokyo.ac.jp ‡ takenaka@alloy.polym.kyoto-u.ac.jp liquid [18] . For example, cesium and tellurium show LLTs near the melting curve maximum that is thought to be caused by pressure-induced changes in bonding that result in changes in coordination number [9, 18] . However, LLTs or AATs can also be caused by changes in bond angle or packing as is the case in SiO 2 glass around 100 kbar [16, 17] . This kind of changes seen in the intermediate-range order, which is a structural order intermediate between short-range discrete chemical bonds and long-range crystalline lattices, are likely to be important in polymers.
In this study, we chose to look at isotactic poly(4-methyl-1-pentene) (P4MP1), which has a maximum in its melting curve at 1.5 kbar (Fig. 1) [19, 20] , to explore LLTs in polymers at high enough temperatures, compared to its melting temperature of 240
• C (and 1.2T g ≈ 90 • C) [19] [20] [21] . P4MP1 has a remarkably low density at ambient pressure [22, 23] . Its crystalline phase I in Fig. 1 has a large interchain C-C distance [23] [24] [25] and an unusually high permeability for gases such as CO 2 and CH 4 [24] implying a structure with significant void space, due to the loosely packed bulky side chains. The melt has an even lower density [22] , suggesting that there are even larger amounts of space around the side chains in the melted state. By increasing pressure, this void space will be squeezed and a structural change in intermediate-range order may well be triggered.
II. EXPERIMENT
Isotactic P4MP1 (Scientific Polymer Product Inc.) was kept at 280
• C and 3×10 −6 Torr for 3 h for degasification [21] and then molded into pellets having dimensions of 2.0 mm in diameter and 1.0 mm in thickness at 255
• C with pure-aluminum mold plates. The impurity due to this molding was confirmed to be low, <50 ± 30 ppm by weight, by atomic absorption spectrometry [26, 27] . The pellets thus obtained were transparent and one of them was used as a sample in x-ray diffraction measurements. Unmolded P4MP1 having larger dimensions, 9.0 mm in diameter and 15 mm in thickness, was used as a sample in specific-volume measurements.
High-pressure in situ x-ray diffraction measurements were conducted at two temperatures, 280 and 290
• C, at the beamline BL10XU of SPring-8, Japan [28] . A new diamond piston-cylinder cell ( Fig. 2 ) was designed to measure twodimensional diffraction profiles under high pressure and temperature. This cell is optimized to measure polymers consisting of light elements whose atomic scattering factors are small; i.e., it enables a compression without too much squeeze of the sample thickness, which would otherwise crucially reduce the intensity of diffraction data. The cell was set in a lever-arm body and compressed to generate high pressures [29] . An external-resistance heating technique was used to generate high temperatures [29] . X-ray diffraction profiles were recorded on an imaging-plate detector. The energy and diameter of x-ray beam were 40 keV and 0.1 mm, respectively. The camera length was 450 mm, and exposure time was 1 min for each profile.
In the diffraction experiments, pressure was determined by measuring the shift of the 7 D 0 -5 F 0 fluorescence line of SrB 4 O 7 :Sm 2+ [30] . This fluorescence line has advantages in determining pressure at high temperatures, because it is a single narrow line and it shows only a slight broadening and shift with temperature. Small pieces of SrB 4 O 7 :Sm 2+ were set between the sample and the diamond piston. The fluorescence was measured by a spectrometer having a focal length of 250 mm, with an 1800-grooves/mm grating. A charge-coupled device of 1024 pixels × 128 pixels format, with each pixel having an area of 27 μm × 27 μm, was used as a detector. A pixel size of 27 μm corresponds to a wavelength of 0.0247 nm. The shift of the fluorescence line was obtained by fitting Gaussian to each peak and then pressure was calculated by using a conversion factor λ/ P = 0.0255 nm/kbar [30] . The standard deviation of fitting was typically 0.003 nm, which corresponds to 0.1 kbar; i.e., the precision of pressure is estimated to be ±0.1 kbar. On the other hand, the accuracy of pressure may be as low as ±0.4 kbar. It is limited mainly due to the following two reasons: (1) It was difficult to know the exact peak position at 280-290
• C and ambient pressure in the same experimental setup in which high-pressure experiments were conducted, because setting the sample in the cell and raising temperature inevitably caused a pressure increase. (2) The conversion factor at room temperature was used in substitution for that at high temperatures (because the temperature dependence of this factor is not known very well). The difference in the peak positions between the two literatures for the SrB 4 O 7 :Sm 2+ scale [30] is ±0.01 nm at 280-290 • C and ambient pressure, and this corresponds to ±0.4 kbar, which is comparable to the estimated accuracy of pressure.
Specific-volume measurements were conducted with a metal-bellows technique [31] . This is a well-established technique and the accuracy of the measurements is very high; 0.2% for pressure, ±1
• C for temperature, and ±0.0015 cm 3 /g for specific volume [31] . The pressure dependence of the volume was measured at temperatures between 230 and 340
• C. The melting curve of P4MP1 was so far measured by a few groups [19, 20] , and all of them show a maximum as a function of pressure. Our results based on the volume measurements also show a maximum (Fig. 1) . The melting point of our sample at ambient pressure was also measured by differential scanning calorimetry. The result by this method shows good agreement with that based on the volume measurements.
III. RESULTS AND DISCUSSION
We performed in situ x-ray diffraction measurements with increasing and decreasing pressure at two temperatures, 280 and 290
• C. An example of two-dimensional raw data is shown in Fig. 3 . The arrow (i) shows a peak around 0.6Å −1 , which we call the first sharp diffraction peak (FSDP), and the arrow (ii) shows the second peak around 1.2Å −1 . The intensity of the FSDP decreases with pressure ( Fig. 3) at both the temperatures measured, as does the ratio of the intensities of the FSDP to the second peak [ Fig. 4(a) ] [32] . But more significantly, there are abrupt changes in the slope in this ratio at 0.5 and 0.7 kbar at 280 and 290
• C, respectively, and in the position of the FSDP as a function of pressure [ Fig. 4(b) ]. All these observations are completely reversible [33] . Such a large clear change has not been observed in any other one-component polymer melts to date.
We also measured the specific volume by using a metalbellows technique [31] and this is shown in the contour plot in Fig. 1 . In order to see the contraction visually, we have used the so-called f-F plot [34] , which is a normalized stress (F )-finite strain (f ) plot derived from the measured isothermal volume contraction; a plot that is commonly used in high-pressure science. Interestingly, as with the diffraction measurements, abrupt changes are seen in the slope [Fig. 4(c) ], indicating anomalous increases in the bulk modulus. According to the well-known definition of the Ehrenfest classification, the break in the second derivatives of the thermodynamic free energy (i.e., bulk modulus in this case) indicates the second-order transition. However, it may be more probable that these changes are due to the continuous but sharp transformation at high temperatures above the liquid-liquid critical point [18, 35] . In any case, based on the f-F plot, the apparent boundary between low-density and high-density melts can be drawn as shown by the dashed-dotted line in Fig. 1 . It coincides, within the margin of error, with the same boundary seen in the diffraction results shown by black circles [36] . It is important to note that the boundary between two melts is almost perpendicular to the pressure axis, suggesting that the density is the key control parameter for the structural transition.
Among all results above, the most notable is the change of FSDP. In systems with small molecular or structural units, changes in FSDP often relate to LLTs or AATs. In fact, the changes that we see in P4MP1 show intriguing similarities to those seen in SiO 2 glass [17] . In SiO 2 glass, the intensity of FSDP is high when the density is low. As the structure densifies, its intensity decreases and its position shifts to higher momentum transfers. Above the AAT, the rate of change of the FSDP is significantly lower. Although the origin of the FSDP may not be identical, these similarities suggest the universal behavior that is related to the change in the packing of the network-forming units.
Here, we explore the links between the fields of liquid and amorphous science and polymer science by looking at the similarities in the behavior and interpretation of the FSDP in both fields. In the liquid and amorphous communities, the peak is called FSDP, and is known to be related to the intermediaterange order [37] [38] [39] [40] . The equivalent peak in polymeric systems is known as the polymerization peak [41, 42] or larger than van der Waals peak [43] (or low van der Waals peak [44] ). The polymerization peak does not appear in every polymer melt (for example, it is absent in polyethylene melt [14, 25, 45] ), and it is not seen in monomeric systems [41, 42] . Whereas the higher momentum-transfer peak is observed in all polymer glasses and melts and as such it is normally called the main peak [25, 42] or van der Waals peak [43, 44] . Similarly, the FSDP is not always present in simper systems. But it is present in many, including SiO 2 glass [17, 40] , liquid phosphorus [6] , and others [37] [38] [39] . Also, as in polymeric systems, the higher momentum-transfer peak is found in all glasses and melts.
The usual interpretation for the FSDP of simpler systems is that it is due to the periodicity of boundaries between a succession of cages [39, 40] or the chemical ordering of interstitial voids around the clusters of atoms [38] . In polymers, the polymerization peak is usually assigned to backbonebackbone correlation [25, [41] [42] [43] [44] [45] [46] , which could also be thought of as a correlation of dense backbones surrounding voids that are sparsely filled by the side chains; a picture that is particularly true for P4MP1, because the side chains are bulky and inefficiently packed [23] [24] [25] . In fact, the polymerization peak in our measurements occurs at 0.6Å −1 , which corresponds to 2π/(0.6Å −1 ) ≈ 10.5Å in real space, which is consistent with the expected interbackbone distance for the melt (the distance is evaluated from that for the crystalline state [23] [24] [25] ). Thus the origin of this polymerization peak resembles that of the FSDP of simpler systems; voids correspond to the loose space for the side chains, and frameworks of cages correspond to the backbone. For these reasons, we regard the polymerization peak and the FSDP to manifestations of the same type of noncrystalline structure and we refer to it as the FSDP.
Given that the origin of the FSDP is related to the correlation between backbones [ Fig. 5(a) ] [25, [41] [42] [43] [44] [45] [46] , we can assume that the rapid decrease in the intensity of the FSDP with pressure [ Fig. 4(a) ] indicates a disordering of backbone-backbone correlations and the shift to higher momentum transfers [ Fig. 4(b) ] indicates a reduction of the void spaces between backbones. In other words, the high compressibility we see in the low-density melt is due to compaction of the void space which suppresses the backbone-backbone correlations [Figs. 5(a) and 5(b)]. It is interesting to compare the data of P4MP1 melt to that of polyethylene melt [47] , which does not show any significant changes in the slope [ Fig. 4(c) ]. Polyethylene does not have any side chains to create a void structure so its density is higher and it is significantly less compressible at low pressures, but has a similar compressibility at high pressures.
Anomalous behavior of the FSDP of polystyrene has been reported in measurements as a function of temperature [12, 46] , although the reversibility may not have been confirmed. The temperatures at which the anomaly has been observed range from 90 to 160
• C and show a strong correlation with T g of the sample (T g ≈ 40-90
• C) [12] . Therefore this anomaly may be associated with 1.2T g transition [11, 12] , which is induced by temperature. In contrast, the change seen in P4MP1 is induced by pressure (Fig. 1) . Moreover, it occurs at high temperatures of about 1.8 times T g . Therefore these anomalies in polystyrene and P4MP1 appear to be of an intrinsically different character. At the same time, a change similar to that in P4MP1 may also occur in polymers having an FSDP (including polystyrene). This is especially the case for syndiotactic polystyrene because it also has a maximum in its melting curve [48] . Furthermore, anomalies in the temperature dependence of static structures have been reported in some polymer melts (including polyethylene, polystyrene, and P4MP1 melts) at high enough temperatures [13, 14] . Although the reported anomalies are less directly related to static structures or smaller than those we found in P4MP1 melts, they might suggest the occurrence of a wide variety of LLTs in polymers.
In this study, we found the evidence of the LLT (or continuous but sharp transformation) in P4MP1, which is characterized by a change in intermediate-range order. The fact that such a large change occurs in P4MP1 at easily accessible pressures is noteworthy, and originates from the nature of the loosely packed structure of the polymer. The connectivity of its monomeric units, its bulky side chains and its tacticity hinder the formation of a close packed structure, creating a material with large amounts of void space. This means that, unlike simpler materials which require relatively large energy changes in bond angle to remove void space, only small energy conformational changes are required. Such transitions may be relatively common even in more familiar polymers such as polystyrene, as discussed above. This and the modest pressures and temperatures at which these phenomena occur open up the intriguing possibility of using LLTs or AATs as an industrial process to control the physical properties of plastics.
